We have compared the steroid regulation of human genes encoding prostatic acid phosphatase (hPAP), prostate-specific antigen (hPSA), and prostate-specific glandular kallikrein (hK2) at the level of transcription. Reporter constructs of hPAP promoter covering the region Ϫ734/ϩ467 were functional in both prostatic (LNCaP and PC-3) and nonprostatic (CV-1) cell lines in transient transfections. hPAP Ϫ231/ ϩ50 with eight identified transcription factor-binding sites showed the highest, and hPAP Ϫ734/ϩ467 showed the lowest transcriptional activity in CV-1 cells. The hPAP promoter could not be induced with androgen, glucocorticoid, or progesterone, contrary to the hPSA (Ϫ620/ϩ40) and hK2 (Ϫ493/ϩ27) promoters in PC-3 cells cotransfected with the respective steroid receptor expression vector. Therefore, steroids cannot directly regulate hPAP gene expression via receptor binding to steroid response elements at Ϫ178 and ϩ336, which have been shown to have androgen receptor-binding ability in vitro. Glucocorticoid was the most powerful activator of the hPSA construct at 10-nM steroid concentrations. On the contrary, glucocorticoid stimulation of the transcriptional activity of the hK2 construct was the weakest among the tested steroids. The results indicate that the steroid response elements in the proximal promoters of hPSA and hK2 genes are not androgen specific, offering the molecular basis for the expression of these genes outside the prostate in tissues containing steroid receptors. (Endocrinology 138: 3764 -3770, 1997) 
fected with the respective steroid receptor expression vector. Therefore, steroids cannot directly regulate hPAP gene expression via receptor binding to steroid response elements at Ϫ178 and ϩ336, which have been shown to have androgen receptor-binding ability in vitro. Glucocorticoid was the most powerful activator of the hPSA construct at 10-nM steroid concentrations. On the contrary, glucocorticoid stimulation of the transcriptional activity of the hK2 construct was the weakest among the tested steroids. The results indicate that the steroid response elements in the proximal promoters of hPSA and hK2 genes are not androgen specific, offering the molecular basis for the expression of these genes outside the prostate in tissues containing steroid receptors. (Endocrinology 138: 3764 -3770, 1997) T HE HORMONAL regulation of human prostatic acid phosphatase (hPAP), one of the prostate cancer markers, is poorly understood. The effects of androgens on PAP expression have been intensively studied at protein and messenger RNA (mRNA) levels, but the precise mechanisms of androgen action remain unclear. Down-regulation of PAP by androgens has been reported in prostatic carcinoma cell line LNCaP (1, 2) , whereas several studies support the opposite effect of the hormone (3, 4) . Furthermore, the direction of androgen regulation of PAP has been suggested to be dependent on cell density (5) and other culture conditions, such as the amount of androgen (6) in LNCaP cells. Additionally, the longest transcript encoding rat PAP has been shown to be quite resistant to the hormonal status of the prostate, whereas two other mRNA species have been shown to be up-regulated by androgen (7) . On the other hand, the androgen dependency of human prostate-specific antigen (hPSA) and human prostate-specific glandular kallikrein (hK2) has been clearly demonstrated. In these genes, the androgen effect is mediated via steroid response elements (SREs) at Ϫ170 and Ϫ160 in proximal promoters of hPSA and hK2, respectively (8, 9) . In addition to SRE, another hormone response element with androgen receptor (AR)-binding ability has been recently identified in the hPSA proximal promoter at Ϫ400. This element is needed for the optimal androgen stimulation of hPSA transcription (10) . Similarly to the hPSA and hK2 genes, both the hPAP promoter and the rat PAP promoter contain putative SRE at Ϫ178 and Ϫ174, respectively. These SREs in PAP genes have been shown to bind AR in vitro (11) . The positional conservation of the SREs in these genes encoding prostatic proteins suggest that these elements might also be important for steroid regulation of PAP.
Several investigations have shown that hPSA and hK2 gene expression is not strictly restricted to the prostate. Low levels of hPSA have been detected in the milk of lactating women (12) , in several breast tumors (13) , and in normal breast tissue induced with oral contraceptive (14) . Furthermore, the expression of both hPSA and hK2 genes has been indicated by reverse transcription-PCR in the human endometrium (15) . On the contrary, studies using monoclonal antibodies against hPAP have indicated the prostate specificity of this protein (16) , and hPAP mRNA expression has not been reported outside the prostate (17) . It is important to clarify further transcriptional regulation of the hPAP gene, because the probable prostate-specific promoter of this gene might have applications in the treatment of prostatic disorders in the future.
The androgen-dependent prostatic carcinoma cell line LNCaP is able to produce the main secretory proteins of the prostate and is suitable for transcriptional regulation studies of the respective genes. Although the essential transcription factors needed for hPAP, hPSA, and hK2 gene expression are present in LNCaP cells, the disadvantages of these well dif-ferentiated cells include instability, modest transfection efficiency, and poor ability to attach to the growth support (18) . The androgen-independent prostatic cancer cell line PC-3 does not contain AR (19) and does not express detectable levels of hPAP mRNA in Northern blot analysis (17) , nor are PC-3 cells able to secrete hPSA or hK2 (8) . In this cell line the hPAP gene seems to be normal according to Southern blot analysis (20) and partial sequencing (our unpublished data). Transfection of the AR expression vector into PC-3 cells cannot trigger the expression of hPAP (20) , and probably another transcription factor(s) essential for hPAP expression is missing from PC-3 cells.
Here we have compared steroid regulation of the three prostatic proteins, hPAP, hPSA, and hK2, at the transcriptional level in prostatic (LNCaP and PC-3) and nonprostatic (CV-1) cell lines. The DNA-protein interactions in the proximal promoter of hPAP were also assessed, using nuclear extracts from LNCaP and PC-3 cells in deoxyribonuclease I (DNase I) footprint analysis, to expose the important factor(s) involved in hPAP gene transcription.
Materials and Methods

Chemicals and reagents
The isotopes [␣- 
Preparation of reporter constructs
Fragments of the hPAP (Fig. 1) , hPSA, and hK2 gene were generated by PCR. Primers introducing HindIII (at the 5Ј-end) and SalI (at the 3Ј-end) restriction sites were used to amplify the hPAP fragments Ϫ734/ ϩ50, Ϫ432/ϩ50, Ϫ231/ϩ50, Ϫ130/ϩ50, and Ϫ82/ϩ50. The hPAP fragment Ϫ1652/ϩ43 was amplified using oligonucleotides generating the PstI site at the 5Ј-end and the XbaI site at the 3Ј-end. Additional PCR products of the hPAP gene (ϩ57/ϩ323 and ϩ57/ϩ467) contained SalI at the 5Ј-end and XbaI at the 3Ј-end. Correspondingly, SalI and XbaI sites were introduced into the 5Ј-and 3Ј-ends, respectively, of the hPSA (Ϫ620/ϩ40) and hK2 (Ϫ493/ϩ27) gene fragments. The fragments were cloned into the pCAT-Basic vector (Promega, Madison, WI). All inserts were verified by sequencing, using the T7 Sequencing Kit (Pharmacia Biotech, Uppsala, Sweden). CAT measurements were performed using fluor diffusion assay (21, 22) . Transfection efficiency was estimated by determining the ␤-galactosidase activity of the samples according to the method of Rosenthal (23) . The protein content of the cell lysates was measured by the Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, CA). The CAT activities were normalized by the ␤-galactosidase activities and protein contents of the samples. The results are presented as relative CAT activities over the value of the pCAT-Basic vector without promoter in the absence of androgen. Statistical analyses of the differences between the means were performed with ANOVA. The means were regarded as statistically significant when P Ͻ 0.05.
Cell culture and transient transfection assays
Western blotting
PC-3 cells were transfected with hPAP Ϫ231/ϩ467 and hPAP Ϫ734/ ϩ467 constructs as described above. The cells were disrupted into 100 l SDS buffer (62.5 mm Tris-HCl, 10% glycerol, 2% SDS, 5% 2␤-mercaptoethanol, and 0.00125% bromophenol blue), and aliquots of the samples (40 l) were run on 12% SDS-polyacrylamide gel together with mol wt markers. The proteins were transferred onto a polyvinylidene difluoride membrane. The CAT protein was detected using polyclonal CAT antibody (5 Prime-3 Prime, Boulder, CO), horseradish peroxidaselinked secondary antibody, and light-emitting substrate according to the ECL Western blotting protocol (Amersham Life Science).
RNA isolation and slot blotting
CV-1 cells were transfected, as described above, with different CAT constructs (hPAP Ϫ734/ϩ467 and MMTV) and hAR expression plasmid. The cells were incubated for 3 h in the absence or presence of 10 nm R1881. Total RNA was isolated using TRIzol reagent (Life Technologies, Grand Island, NY) from the cells. Slot blot of DNase I-treated (20 U ribonuclease-free enzyme from Pharmacia; 10 min at 37 C) RNA samples (50 g) was prepared as previously described (17) 
Nuclear extracts
Nuclear extracts were made from LNCaP, PC-3, and CV-1 cells as described by Dignam et al. (24) . The nuclear extract prepared from HeLa cells was obtained from Promega (HeLa nuclear extract in vitro transcription systems).
DNase I footprinting
The hPAP fragment Ϫ231/ϩ50 was cloned into the pCR II vector (Invitrogen, San Diego, CA). The plasmid construct was linearized by SpeI and EcoRV digestion. The 3Ј-end was labeled by fill-in with [␣-32 P]dCTP. DNase I footprinting reactions were carried out by incubating the DNA probe with the nuclear extracts in the binding buffer (5 g poly(dI-dC), 20% glycerol, 20 mm HEPES, 75 mm NaCl, and 2 mm dithiothreitol) for 30 min at room temperature. Control reactions were carried out in the presence of BSA (4 g/reaction). The concentration of MgCl 2 was adjusted to be 10 mm in the reaction. The samples were incubated for 1 min with freshly diluted DNase I (Boehringer Mannheim). The reactions were stopped by the addition of 140 l stop solution (192 mm sodium acetate, 32 mm EDTA, and 0.14% SDS). The samples were proteinase K digested, further extracted with phenol-chloroform, and ethanol-precipitated, then electrophoresed on a 6% sequencing gel.
Results
Promoter analyses
The activities of several promoter fragments of the hPAP gene linked to the pCAT reporter plasmid (Fig. 1) were determined in the androgen-dependent prostatic carcinoma cell line LNCaP, which is able to secrete hPAP, hPSA, and hK2 proteins. In the absence or presence of androgen, low CAT activities were produced, but all hPAP promoter constructs were functional in this prostatic cell line (results not shown). Some of the CAT constructs covering the entire region Ϫ734/ϩ467 of the hPAP gene and the AR expression vector were transiently transfected into an androgen-independent prostatic cell line PC-3 and a nonprostatic cell line CV-1 apart from the LNCaP cells (Fig. 2) . The activities of the hPSA (Ϫ620/ϩ40) and hK2 (Ϫ493/ϩ27) promoter constructs were also analyzed in these three cell lines to allow comparison of the androgen-involved transcriptional regulation of the genes encoding prostatic kallikrein family proteins and hPAP. The promoter constructs of hPAP were functional in both prostatic and nonprostatic cells. Although hPAP constructs covered two SREs with in vitro AR-binding ability at Ϫ178 and ϩ336 (11), androgen treatment had no effect on the activity of the proximal promoter of hPAP. The lack of androgen response was also evident in the case of the hPAP Ϫ1652/ϩ43 construct (results not shown), which covers two putative SREs at Ϫ1576 and Ϫ178 with weak and strong in vitro AR-binding capacity (11), respectively. On the other hand, hPSA and hK2 constructs were also functional in all three cell lines, and androgens were able to stimulate the transcriptional activity of these promoters as previously described (8, 9) in PC-3 and CV-1 cells. Similar to previous reports (8, 25) , androgen activation of hPSA and hK2 promoters could not be clearly demonstrated in LNCaP cells, although the control promoter (MMTV) showed a significant response to androgen treatment in this cell line. Among the hPAP constructs, the region Ϫ231/ϩ50 gave the highest reporter activity in nonprostatic CV-1 cells; the mean values for relative CAT activity were 14.9 Ϯ 4.7 (mean Ϯ se; n ϭ 3) and 15.5 Ϯ 6.0 in the absence and presence of androgen, respectively. The corresponding values were 7.6 Ϯ 2.1/7.8 Ϯ A long leader sequence in the hPAP Ϫ734/ϩ467 construct may cause the initiation of protein translation from an unexpected site, leading to the production of nonfunctional CAT protein and a misinterpretation of the possible androgen effect. One indication that constructs with this long leader are producing functional CAT enzyme is that the activities of the hPAP Ϫ231/ϩ467 and hPAP Ϫ734/ϩ467 constructs are significantly different (P Ͻ 0.001) when tested in PC-3 cells. The respective relative CAT values were 9.8 Ϯ 0.6 (n ϭ 3) and 4.0 Ϯ 0.3 (n ϭ 5) in the absence of androgen. Similar activities would be expected for these constructs if the CAT enzyme expressed from the transcripts with identical leader sequences were nonfunctional. However, we have also shown that hPAP Ϫ231/ϩ467 and hPAP Ϫ734/ ϩ467 constructs produce immunologically detectable CAT enzyme (Fig. 3) , confirming that these constructs are functioning as such and are usable for the detection of steroid effects. Furthermore, we also checked the androgen effect on the transcriptional regulation of the hPAP Ϫ734/ϩ467 and MMTV constructs at the mRNA level ( Table 1 ). The relative amounts of CAT transcripts were similar in the absence and presence of androgen, supporting the original conclusion that androgen cannot induce the promoter activity of the hPAP Ϫ734/ϩ467 construct. The induction of CAT mRNA from the MMTV construct was similar to that previously reported (26, 27) .
Because androgen failed to regulate the hPAP promoter, the effects of glucocorticoid and progesterone on transcriptional regulation of hPAP gene constructs covering the regulatory region from Ϫ734 to ϩ467 were also tested by CAT assays in PC-3 cells cotransfected with respective steroid receptor expression vectors, but only minor changes in the CAT activities were observed, as shown in the case of the hPAP Ϫ231/ϩ50 construct (Fig. 4) , due to treatment with these steroids (10 or 100 nm), similar to the effects of androgen treatment. These results indicate that steroids cannot directly regulate hPAP gene expression via receptor binding to SREs at Ϫ178 and ϩ336. On the contrary, the transcriptional activities of the promoters of the kallikrein family genes were induced significantly by glucocorticoid and progesterone as well as by androgen in PC-3 cells overexpressing the respective steroid receptors (Fig. 4) . The effects of glucocorticoid and progesterone on the activity of the pCAT expression vector without promoter were similar to that of androgen (see values above). In the case of the hPSA promoter construct, androgen and progesterone acted as equal activators with relative CAT values of 37.7 Ϯ 5.6 and 39.7 Ϯ 2.6, respectively, in the presence of 10 nm hormone; the corresponding values were 58.1 Ϯ 4.8 and 57.7 Ϯ 7.4 in the presence of 100 nm hormone. Glucocorticoid, on the other hand, was the most powerful activator of hPSA gene transcription, raising the relative CAT value to 52.3 Ϯ 6.2 when the effects of 10 nm steroid were compared. On the contrary, the stimulus of glucocorticoid to the transcriptional activity of the hK2 construct was the weakest among the tested steroids, giving relative CAT values of 17.1 Ϯ 1.2 and 24.5 Ϯ 4.3 at 10-and 100-nm hormone concentrations, respectively. Comparable increases were obtained in hK2 promoter activity using androgen and progesterone treatments with relative CAT values of 39.9 Ϯ 11.6 and 42.2 Ϯ 6.2, respectively, in the presence of 10 nm hormone; the corresponding values were 51.0 Ϯ 11.3 and 40.1 Ϯ 6.2 in the presence of 100 nm hormone. These results indicate that the SREs in the proximal promoters of hPSA and hK2 genes are not androgen specific. Additionally, 10 nm glucocorticoid was about 3 times more effective as a transcriptional activator in the case of the hPSA gene construct than in the case of the hK2 gene construct.
DNase I footprinting
The DNase I footprinting assay was used to study the protein and DNA interactions in the proximal promoter of the hPAP gene. Eight DNase I footprints (DFs) were found within the region from Ϫ231 to ϩ50: DF1 at Ϫ206/Ϫ196, DF2 at Ϫ192/Ϫ187, DF3 at Ϫ163/Ϫ143, DF4 at Ϫ130/Ϫ94, DF5 at Ϫ93/Ϫ81, DF6 at Ϫ68/Ϫ37, DF7 at Ϫ34/Ϫ21, and DF8 at ϩ11/ϩ30 (Fig. 5) . Two POU consensus sequences are covered by DF4. Furthermore, the CAAT box and TATA box are covered by DF6 and DF7, respectively. An E26 transformation specific (Ets)/serum response factor (SRF) consensus sequence is located in the area of DF8. The same binding pattern was observed in the hPAP promoter fragment when nuclear extracts of hPAP-expressing (LNCaP) or hPAP-nonexpressing (PC-3) prostatic cells were used. Nuclear extracts isolated from HeLa (Fig. 5) and CV-1 (results not shown) cells gave the same DFs as the prostatic nuclear extracts.
Discussion
We have shown above that steroid-involved regulation of the hPAP gene at the level of transcription differs from that of the hPSA and hK2 genes. Promoter constructs of hPAP covering the entire gene region of Ϫ734/ϩ467 were functional in both prostatic and nonprostatic cell lines, but these constructs could not be induced with androgen, glucocorticoid, or progesterone in transfection assays contrary to the hPSA and hK2 proximal promoters, nor was the androgen response evident in the case of the hPAP Ϫ1652/ϩ43 construct tested in LNCaP and PC-3 cells. In addition, several transcription factor-binding sites were identified in the regulatory region Ϫ231/ϩ50 of the hPAP gene, but none of them seemed to be prostate specific.
It has been proposed that the reported androgen regulation of hPAP (1-7) could be mediated via SREs present in the regulatory areas of the gene. We have previously shown that the SREs of the hPAP gene at Ϫ178 and ϩ336 and the corresponding ones in the rat PAP gene are able to bind androgen receptor in vitro (11) . Furthermore, putative SREs of the human and rat PAP gene at Ϫ1576 and Ϫ1612, respectively, have weak in vitro AR-binding capacities (11) . Despite these facts, androgens were not able to increase or decrease the promoter activity of the hPAP constructs covering these elements. Therefore, androgen regulation of the hPAP gene has a mechanism different from that observed in the hPSA and hK2 genes. One possibility is that the distal parts of the hPAP gene contain additional SRE(s) that might cooperate with the SREs in the proximal areas and be essential for androgen regulation. There are several examples of genes where the androgen effect cannot be demonstrated maximally without the interaction of several SREs, as in the case of the probasin gene (28, 29) . Another possibility is that the hPAP gene needs another transcription factor(s) along with AR to enhance the transcription and to define the prostatespecific expression. The response element for this factor(s) could be far upstream or somewhere else in the gene. Previous reports concerning the regulation of PAP have sug -FIG. 4 . Steroid specificity of SREs at hPAP, hPSA, and hK2 proximal promoters. CAT assays were performed in PC-3 cells as described in Fig. 2 . The relative CAT activities of duplicate samples from three independent experiments were averaged and are displayed with their SEs. For promoter activity in the presence of the steroid vs. promoter activity in the absence of the steroid: **, P Ͻ 0.01; and ***, P Ͻ 0.001.
gested both up-and down-regulation of gene expression by androgen at protein and mRNA levels (1-7). It has been shown that androgen is able to modify PAP expression and secretion, but it is not essential for these processes (3). This finding nicely summarizes the results of most of the PAP regulation studies available. In normal rat prostate, two of the transcripts encoding PAP were up-regulated by androgen, whereas one of the mRNA species was insensitive to the hormonal status of the gland (7). The androgen-sensitive transcripts were detectable even 4 days after castration. The above studies indicate that PAP gene expression in a normal prostate is a complicated process and is not regulated exclusively by androgen. It is also possible that the control of PAP expression is disturbed in prostate cancer cells and may have little linkage to the function of the AR (20) . Anyway, none of the studies performed to date could prove or disprove the hypothesis that the existing androgen regulation of PAP expression appears at the level of transcription.
Recently, an upstream enhancer demonstrating tissue specificity has been found in the hPSA gene between Ϫ5824 and Ϫ3738 (25) . This enhancer contains three binding sites for prostate-specific factors together with a putative androgen response element. Our hPSA construct lacks the enhancer, and therefore, only low transcriptional activity was seen in the hPSA-secreting prostatic cell line LNCaP even in the presence of androgen. However, using a sensitive luciferase reporter system, androgen activation of the hPSA promoter area Ϫ632/ϩ12 has been demonstrated in LNCaP cells (10) . Despite the absence of the enhancer, our hPSA construct was androgen responsive in the androgen-independent prostatic carcinoma cell line PC-3 and in the nonprostatic cell line CV-1 cotransfected with the AR expression vector. These results suggest that PC-3 cells have probably lost some characteristics of prostatic cells that are still present in LNCaP cells, leading to differential transcription of the hPSA construct in the presence of androgen. The hK2 promoter construct studied here behaved almost identically with the hPSA promoter in transient transfection assays, and the mechanisms of androgen action seem to be similar in these genes. However, a difference was observed in the steroid specificity of the SREs in the kallikrein family genes. Glucocorticoid (10 nm) was the most potent transcriptional activator of the hPSA promoter area from Ϫ620 to ϩ40, but in the case of hK2 it caused the most modest increase in the promoter activity among the steroids tested here. The sequences of SREs at Ϫ170 in the hPSA gene and at Ϫ160 in the hK2 gene differ by only one nucleotide (A/GGAACAgcaAGTGCT), suggesting that the molecular basis for dissimilarity in steroid specificity of the SREs probably lies outside of this response element. The optimal androgen effect is obtained with the hK2 promoter construct covering the region from Ϫ1 up to Ϫ323 (9), which suggests that no steroid response region similar to that of the hPSA gene at Ϫ400 is present in the hK2 gene. Therefore, the cooperation between the steroid response regions of the hPSA proximal promoter (10) could represent the difference in glucocorticoid effect between the kallikrein family genes observed in this work. Recently, the promoter of prostatic protein, probasin, has been reported to contain SRE (5Ј-GGTTCTtggAGTACT-3Ј), in which the left subsequence excludes glucocorticoid receptor binding, offering a mechanism for differential in vivo effects between the steroids (30). In conclusion, the ability of glucocorticoid and progesterone to mimic the androgen effect via the SREs in the proximal promoters of hPSA and hK2 genes has been clearly demonstrated here. This phenomenon could explain the existence of hPSA and hK2 proteins in nonprostatic tissues containing steroid receptors, such as the breast.
The DNA-protein interactions in the hPAP promoter region Ϫ231/ϩ50 were similar regardless of whether nuclear extracts from prostatic cell lines or nonprostatic cells were used in the DF assays, supporting the result that this region is transcriptionally functional in both cell types. The regulatory area of hPAP tested here does not seem to contain a binding site(s) of factor(s) responsible for differential expression of the gene in the prostatic cell lines, leading to pro- duction of hPAP protein in detectable or nondetectable amounts in LNCaP and PC-3 cells, respectively. Because the hPAP promoter construct Ϫ734/ϩ467 was almost silent in nonprostatic cells, it will be interesting to see whether prostate-specific transcription factor-binding sites could be detected in the regions Ϫ734/Ϫ231 and ϩ50/ϩ467. The Ets/ SRF-like footprint was interesting due to its location soon after the transcription start site. A similar element has been reported to be present in the gene of C3 (31) , which is expressed in a prostate-specific manner. Additionally, a cluster of binding sites for POU family proteins was identified at DF4 in the hPAP gene. POU family proteins can act synergistically through several binding sites, and they can cooperate with the steroid receptor, as reported in the case of the PRL gene (32) . However, the interaction of regulatory proteins and the precise factors responsible for the prostatespecific expression of the hPAP gene remain to be clarified.
